Early in human immunodeficiency virus (HIV) infection CD4+ and CD8+ T cells are qualitatively affected. Loss of responses to recall antigen precedes impaired responses to allogeneic MHC and mitogens. The selective quantitative loss of memory T cells in early infection, only partially explains the observed defects. We investigated whether functional loss of T cells is preferentially observed for memory T cells or whether both naive and memory T cell subsets are affected in the course of HIV infection. We studied the proliferative response of CD4+ T cells from HIV-infected individuals to alloantigens, to which normally both naive and memory T cells respond, by limiting dilution analysis. The decreased proliferative response to alloantigens in HIVinfected individuals was associated with a decreased precursor frequency of alloreactive cells. The frequency was decreased in both the CD45RA+ (naive) and the CD45RO+
Introduction
Next to the quantitative loss of CD4+ T cells in later stages of infection, in early HIV infection, the T cell compartment of the immune system is qualitatively affected. Both CD4+ and CD8+ cells are impaired in their proliferative capacity. First, responses to recall antigen are diminished, whereas responses to allogeneic MHC (alloantigen) and mitogen decrease later in infection (1, 2) . Addition of IL-2 or CD28 monoclonal antibodies (mAb) can partially restore the proliferative capacity of T cells from HIV-infected individuals, indicating that antigen-specific cells are present but do not respond (3, 4) .
Peripheral blood T cells can be divided into two functionally different subsets based on the reciprocal expression of CD45RA and CD45RO. Responses to recall antigens are confined to T cells with the CD45RO+ phenotype (5, 6) . Moreover, as CD45RA+ cells lose CD45RA expression and concomitantly gain CD45RO expression after in vitro activation, it has been postulated that CD45RA and CD45RO expression define naive and memory cells, respectively (7) . Along these lines, CD45RA+ and CD45RO+ T cells differ with respect to activation requirements, lymphokine secretion patterns, and expression of adhesion molecules (7, 8) . The precursor frequency among CD45RO+ cells to recall antigen is substantially higher than in CD45RO-cells, while both populations contain approximately equal numbers of precursors with the ability to respond to alloantigens (9) . Recently, evidence was presented that T cells with the CD45RO+ phenotype may reconvert in vivo into the naive CD45RA+ phenotype (10) (11) (12) . For this reason, CD45RA+ and CD45RO+ T cell subsets might in fact not be identical to "naive" and "memory" cells, respectively.
In their inability to respond to recall antigen, but sustained reactivity to alloantigen and mitogens, T cells in early HIV infection resemble naive cells. Indeed, functional and phenotypical evidence has been provided for a selective loss of memory cells in early infection (4, (13) (14) (15) (16) . In later stages of infection, functional defects are observed at normal naive/memory cell ratios, implying intrinsic defects of T cells next to the quantitative loss of memory cells. CD4+ T cells expressing CD45RO are preferentially infected by HIV in vitro and constitute the major population of HIV positive cells in infected individuals. This has lead to the suggestion that memory T cell function is preferentially affected in HIV-infected individuals (17) .
We addressed the question, whether functional loss of T cells is mainly confined to the memory T cell subset or whether both naive and memory cells lose their function in the course of HIV infection. We studied the precursor frequency of alloreactive CD4+ T cells in HIV-infected individuals. Since alloantigen responsiveness is mediated by both CD45RA+ and CD45RO+ cells, this approach allowed us to study the deterioration of T cell responses in both populations. The (Fig. 2) . From the eight HIV-infected individuals analyzed, four had precursor frequencies below the range found for controls, while four fell within this range (Fig. 2) . However, the highest precursor frequencies were consistently observed among controls.
Decreased alloreactive Tcells in both the naive and memory T cell subset in HIV infection. We next separated naive and memory T cells by staining with CD45RA and CD45RO mAb and FACS sorting and examined the alloreactive T cell precursor frequency in both subsets of four HIV-infected individuals and four controls (Table I) . Precursor frequencies ranged from 5 to 31 alloreactive T cells /104 in the noninfected controls, which is concordant with the data in Fig. 2 , taking into account that CD45-subsets from both CD4+ and CD8+ cells were analyzed. In all seronegative individuals, the precursor frequency was higher in the CD45RO+ subset. In three out of four HIV-infected individuals precursor frequencies were substantially decreased as compared to the control measured in the same experiment. This affected both naive and memory T cells, resulting in a memory/naive ratio of alloreactive cells comparable to that of the controls. However, in one HIV-infected individual (Table I, Exp. 2), the precursor frequency of alloreactive cells in the naive subset was still normal, while the frequency in memory cells was decreased, resulting in an inverted ratio.
Proliferation is expressed as the mean cpm of responding wells at a responder cell density of 1600 cells per well. Prolifera- tive responses of cells from HIV-infected individuals were decreased, indicating that not only the frequency of responding cells decreases but that also the magnitude of the response is affected in both the CD45RA+ as the CD45RO+ subset in HIV-infected individuals.
Longitudinal analysis of alloreactive naive and memory CD4+ T cells in HP/-infected individuals. The finding that in one of the HIV-infected individuals depicted in Table I (Exp. 2), T cell function was more affected in the memory than in the naive subset, might suggest a differential loss of T cell function in these subsets, associated with the stage of HIV infection. This prompted us to study naive and memory T cell function in the course of HIV infection in four individuals. Cryopreserved PBMC obtained from different time points from four individuals were used for isolation of cells. We sorted CD4+ cells, to rule out the influence of differences in CD4+ cell counts, in CD45RA+ and CD45RO+ cells. From each individual, one time-point before and three during HIV infection were studied (Fig. 3) (Fig. 3 B) . In contrast, individual C, showed a rapid decline in CD4+ counts and T cell reactivity, which was below normal values at 27 mo. In parallel with this, alloreactive T cell precursor frequencies in the naive and memory subset decreased to less than 6 per 104. Individual D had a defect in the downregulation of CD45RA expression after upregulation of CD45RO, resulting in absence of CD45RA-cells, as was previously reported to occur in 5-8% of the normal population (23, 24). We sorted CD45RA+CD45RO-(naive) and CD45RA+CD45RO+ (memory) cells. Both populations (Fig. 4) . Indeed, the response to low density coated CD3 mAb was severely disturbed in all HIV-infected individuals tested, whereas the response to optimal coating of CD3 mAb was above 50% of controls in three of the HIV-infected subjects. Thus, the proliferative response of PBMC from HIV-infected individuals is increasingly disturbed with decreasing dose of antigen.
Discussion
Here, we demonstrate that the decreased proliferative response to alloantigen in HIV-infected individuals was associated with a decreased T cell precursor frequency to alloantigens. Analysis still able to respond to mitogens (17) . Thus, these data can be interpreted as a preferential loss of MHC-restricted responses rather than a preferential loss of memory cell function. We now demonstrate that when T cells later in HIV infection lose their capacity to respond to alloantigen, both memory and naive cells are functionally affected. Impairment of both naive and memory cell function in HIV infection was previously indicated by Cayota et al. (28) , who described decreased T cell proliferative responses to CD3 antibodies in naive cells from HIV-infected individuals.
Thus, no evidence for a preferential loss of function of the CD45RO+ population in HIV-infected individuals is found, but possibly HIV induces a progressive lowering of T cell responsiveness, impairing responses to low level TCR triggering early, but responses to strong stimuli later in the course of infection. Indeed, stimulation of PBMC with dilutions of CD3 mAb demonstrated more impaired T cell proliferative responses to lower concentrations of mAb. It might be that recall responses are preferentially affected simply due to lower precursor frequency to recall antigen than to alloantigens (9) although in disagreement with this, Schulick et al. (25) reported similar precursor frequencies to allo-and recall antigens in healthy individuals.
By which mechanism are the general T cell defects induced during HIV infection? The low frequency of infected cells makes direct viral infection an unlikely explanation for T cell dysfunction. Furthermore, HIV resides mainly in memory cells, which excludes viral infection as a cause of naive T cell dysfunction (17) . Several mechanisms have been proposed as a systemic explanation for T cell dysfunction in HIV infection. Interaction of the viral envelope protein gpl2O with CD4+ results in decreased T cell responses (29) . Furthermore, overproduction of the immunosuppressive cytokines TGF-,8 (30) and IL-10 (31 ) has been associated with decreased T cell function. The intracellular defect in T cells in HIV-infected individuals is not clear yet, but decreased cysteine levels in T cells have been shown to play a role in the immunodeficiency (32, 33) . We previously hypothesized that the observed T cell defects might be the result of defects in antigen presentation due to infection of the accessory cells (34) . T cells from HIV-infected individuals resemble anergic cells as defined in cell culture models. Anergy might be induced by lack of correct accessory molecules or inappropriate cytokine secretion by antigen presenting cells. Indeed, impaired IL-12 production by monocytes from HIV-infected individuals has been recently described (35) . Not only primed (CD45RO+) T cells might become anergic after encountering antigen, but at their first encounter with antigen, CD45RA+ cells might become unresponsive and fail to develop into memory cells. Thus, both memory and naive cells might become anergic by defective antigen presentation.
Taken together, in early HIV infection, recall antigen responses are affected by the selective quantitative loss of memory cells and by loss of the capacity of the remaining memory cells to respond to low-density antigen, while these cells retain a normal response to high density alloantigen and mitogens (4, 17, 36) . In later stages of infection, the function of both CD45RA+ and CD45RO+ cells is equally affected, leading to defects in alloantigen and mitogen responses. This implies that not only T cell responses to antigens, to which the individual was previously exposed, are impaired in HIV infection. Generation of T cell memory is also abolished, compatible with low antibody responses to vaccination in late stage HIV-infected individuals (37) . This might have important implications for vaccination strategies and might plead for prophylactic drugs rather than vaccination to protect late stage HIV-infected individuals from infection with various pathogens.
